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Ten years ago, Liu and co-workers measured pair-correlated speed distributions for
OHþCH4/CD4 reactions by means of velocity map imaging (VMI) techniques at a collision
energy of ~10 kcal/mol [B. Zhang, W. Shiu, J. J. Lin and K. Liu, J. Chem. Phys 122, 131102
(2005); B. Zhang, W. Shiu and K. Liu, J. Phys. Chem. A 109, 8989 (2005)]. Recently, two of us
could semi-quantitatively reproduce these measurements by performing full-dimensional
quasi-classical trajectory calculations in a quantum spirit on an ab-initio potential energy
surface of their own [J. Espinosa-Garcia and J. C. Corchado, Theor. Chem. Acc. (2015) 134: 6;
J. Phys. Chem. B 120, 1446 (2016)]. The goal of the present work is to show that these
results can be signiﬁcantly improved by adding a few more constraints in order to better
comply with the restrictions imposed by VMI. Overall, the level of agreement between
theory and experiment is remarkable owing to the large dimensionality of the reactions
under scrutiny. This is an encouraging result considering the computational challenges of
quantum scattering calculations for such large processes.
© 2016 Academie des sciences. Published by Elsevier Masson SAS. This is an open access
article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The fast-developing velocity map imaging (VMI) tech-
nique is increasingly used in molecular beam experiments
on gas-phase polyatomic reactions. VMI is particularly
interesting for reactions leading to twomolecules [1e6], for
it makes the accurate measurement of the angle-velocity
distribution for a given quantum state of one of the two
products possible. This pair-correlated angle-velocity distri-
bution allows us to probe the dynamics of polyatomic
processes at an amazing level of details, generally possible
only for triatomic reactions before the invention of VMI.
Consequently, this distribution is emerging as one of the
most important experimental data on gas-phase chemicalux.fr (L. Bonnet).
ed by Elsevier Masson SAS.reactivity. In the present work, we mainly focus our de-
velopments on the theoretical description of the pair-
correlated velocity distribution (PCSD), deduced from the
previous density by integration over the angle. It should be
noted that at the moment, this distribution appears to have
been much more often measured than theoretically pre-
dicted [7e11]. There is thus an important gap to be ﬁlled.
We also brieﬂy approach the more complex issue of the
calculation of the pair-correlated angular distribution.
We shall perform our studywithin the framework of the
reactions OHþCH4/H2OþCH3 and OHþCD4/HODþCD3,
studied ten years ago by Zhang et al. [12e14] using the
previous techniques. These seven-atom reactions leading
to two polyatomic products are among the largest bimo-
lecular processes considered to date in this type of exper-
iment. By varying both the collision energy and the probed
quantum state of the CH3/CD3 radical, they could obtainThis is an open access article under the CC BY-NC-ND license (http://
L. Bonnet et al. / C. R. Chimie 19 (2016) 571e578572accurate informations on the subtle way the vibrational
state distribution of the co-fragment H2O/HOD and the
angular distribution may evolve.
If a qualitative interpretation of such results is possible
from simple physical and chemical arguments, their
quantitative analysis requires the development of theo-
retical models capable of accurately reproducing them.
These models can then be used for detailed understanding
of the dynamics. They can also represent (inexpensive)
alternative approaches to predict data needed by atmos-
pherical chemists and astrophysicists in order to model
planetary atmospheres [15] and interstellar clouds [16],
respectively.
The previous reactions take place in the electronic
ground state. The ﬁrst step of their accurate theoretical
description requires performing ab-initio electronic struc-
ture calculations and using ﬁtting procedures to construct
the corresponding potential energy surface (PES) [17,18].
This work has recently been performed by two of us [19].
The surface obtained was called PES-2014. Note that the
latter takes into account the full dimensionality of the
system, i.e. 15 (reducing the dimensionality generally
makes far easier the construction of PESs, but this may
induce artiﬁcial dynamical behaviors ; treating a molecular
collision in its full-dimensionality is often preferable). The
second step of the simulation consists in moving nuclei in
the previous PES. Ideally, one would like to do it quantum
mechanically [20,21], and exactly. For the title reactions,
however, the basis sizes necessary to converge quantum
scattering calculations are huge, thus leading to exceed-
ingly large computation times. The alternative is to classi-
cally move nuclei, a method traditionally called the quasi-
classical trajectory method (QCTM) [22,23]. However, it is
known that in the case where only a few vibrational states
are available to the products, as is often the case when VMI
is used, velocity distributions should preferably be esti-
mated only from those classical trajectories ending in the
products with integer vibrational actions, i.e. satisfying
Bohr's quantization principle in the separated products
[24]. During the last decade, the QCTM in this old quantum
spirit proved to lead to very satisfying predictions as
compared to exact quantum scattering calculations or
experimental measurements [24]. This approach has been
recently used by two of us [19,25] in order to reproduce
some of the measurements of Liu and co-workers. In the
present work, we focus on those obtained for a collision
energy of ~10 kcal/mol published in Refs. [12] and [14].
The corresponding QCTM results semi-quantitatively
reproduced experimental evidence [19,25], which is
already quite satisfying given the size of the processes
under scrutiny. In particular, the theoretical vibrational
state distributions of the co-fragment H2O/HOD were
found to be in good agreement with the experimental ones
[25]. On the other hand, the predicted speed distributions
associated with given vibrational states of the co-fragment
tend to be broader than their measured counterparts and
not always well located [25]. As a consequence, the PCSD
obtained by summing the previous densities appears to
partially or totally loose the structures seen in the experi-
mental PCSD [12,14] (see Section 2.3). Without any further
calculations, one might attribute these discrepancies to apossible lack of accuracy of the PES-2014, but we shall see
that this is not the case. The goal of the present note is
indeed to show that the previous disagreement can be
signiﬁcantly reduced by adding a few more constraints to
the analysis of QCTM results so as to better comply with the
restrictions imposed by VMI. In Section 2, these changes are
detailed within the framework of the OHþCD4 reaction,
and comparison between the predictions of the new anal-
ysis andmeasurements is made for both title processes. We
end up this section discussing the high numerical cost of
the pair-correlated angular distribution (PCAD), as
compared to the PCSD. We conclude in Section 3.
2. Calculations
2.1. Trajectories
We used the VENUS code [26] to run 106 trajectories on
the PES-2014 for each process. Full computational details
on these calculations can be found in refs. [19,25] (note that
in these previous studies, only 105 trajectories were run for
each reaction). As far as OHþCD4/HODþCD3 is concerned,
90,646 trajectories turned out to be reactive. The product
quantities involved in the next developments are the
vibrational energy EvibCD3 of CD3, its rotational energy E
rot
CD3
,
the vibrational energy EvibHOD of HOD, its rotational energy
ErotHOD, the vibrational actions a1, a2 and a3 associated with
the symmetric stretching, antisymmetric stretching and
bending vibrational modes of HOD, respectively, the rela-
tive translational energy Etrans between HOD and CD3, the
speeds (with algebraic sign) v of CD3 and v0 of HOD within
the center-of-mass system, and the scattering angle q. The
VENUS code provides directly all these quantities except
the actions and the velocities. The actions are obtained by
means of the normal-mode analysis (NMA) method [27],
which includes anharmonicity and Coriolis-coupling terms.
The velocities are deduced from Etrans as follows; the total
linear momentum within the center-of-mass system being
zero, we have
mCD3vþmHODv0 ¼ 0; (1)
where mCD3 is the total mass of CD3 and mHOD is the
analogous mass for HOD. Moreover,
Etrans ¼ 12mCD3v
2 þ 1
2
mHODv0
2
: (2)
From the two previous equations, one obtains
v ¼
2
4 2Etrans
mCD3

1þ mCD3mHOD

3
5
1=2
: (3)
This velocity is the one measured by Zhang et al. using
the VMI techniques [12e14].
2.2. Vibrational state populations
The vibrational state of HOD is denoted (n1, n2, n3).
These quantum numbers are associated with the same
vibrational modes as the previous actions (a1, a2, a3). The
corresponding frequencies are u1, u2, and u3 (their values
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denoted as pn1n2n3 . In the experiments of Zhang et al.
[12e14], frozen reagents meet with a collision energy of
~10 kcal/mol (among others) and P(v) is measured for CD3
in its vibrational ground state and its lowest rotational
levels (N  5) [3]. The rotational energy ErotCD3 of the probed
CD3 is thus lower than ~1 kcal/mol. Three vibrational states
are found to be available to HOD (at a collision energy of
10 kcal/mol, to be exact [12]). These states are (1,0,0), (1,0,1)
and (2,0,0), by increasing the order of energy.
We shall now estimate their populations from the
reactive trajectory results. Since these results are in much
larger amount than in Refs. [19,25], the presentmethodwill
better cope with the constraints imposed by the VMI
techniques than before. These constraints will be taken into
account as follows:
(i) the zero point energy (ZPE) of CD3 is E0CD3 ¼ 13:8 kcal/
mol. We assume that all the trajectories violating the
ZPE, i.e. such that EvibCD3 <13:8, do not contribute to the
reactivity. We thus discard them from the statistics.
(ii) the energy of the ﬁrst excited vibrational state of CD3 is
14.9 kcal/mol [25], corresponding to one quantum in
the lowest umbrella mode of CD3 (396 cm1 or 1.1 kcal/
mol) above the ZPE. Calling d the previous quantum, the
intermediate energy between the two previous en-
ergies is E0CD3 þ d=2 ¼ 14:35 kcal=mol.We nowassume,
in the spirit of standard binning (SB) [24], that all the
trajectories leading to EvibCD3 >14:35 kcal=mol do not
contribute to the vibrational groundstate of CD3probed
by Zhang et al. [12e14], and should thus be ignored.
(iii) ﬁnally, we also reject all the trajectories leading to
ErotCD3 >1 kcal=mol.
In Fig. 1, the cloud of points of coordinates ðEvibCD3 ; ErotCD3 Þ is
represented for the 90,646 reactive trajectories. Gray/red
points correspond to rejected/accepted trajectories. Only
722 paths turn out to be useful, thus representing onlyFig. 1. Cloud of points of coordinates ðEvibCD3 ; ErotCD3 Þ for the 90646 reactive
trajectories relative to the OHþCD4 reaction. Gray points correspond to
the rejected trajectories (89,924) while red points correspond to the
accepted ones (722) from which the vibrational state populations and the
pair-correlated speed and angular distributions will be constructed.~0.07% of the whole set of calculated trajectories. This
clearly illustrates the fact that simulating polyatomic re-
actions studied by VMI is numerically demanding, even
with the QCTM.
A purely classical treatment of vibrational motions is
realistic when many vibrational states (ideally, several
tens) are available to the products. In the present case,
however, only three vibrational states of HOD are found to
be populated [12] and it is preferable, as stated in the
introduction, to take into account Bohr's quantization
principle in the analysis of the ﬁnal trajectory results [24].
For polyatomic molecules, this is usually done by means of
the energy-based Gaussian binning procedure, often called
the 1GB procedure [24,25,28e31]. The latter puts strong
emphasis on those trajectories leading to HOD with its
classical vibrational energy close to one of the quantum
energies of the available vibrational states. In practice, the
1GB estimation of pn1n2n3 is performed as follows: we
consider the set of trajectories for which
a1 ¼ n1; a2 ¼ n2 and a3 ¼ n3, where ai is the nearest
integer of ai, i ¼ 1, 2 or 3. In other words, trajectories for
which (a1, a2, a3) does not belong to the unit cube centered
at (n1, n2, n3) are rejected. This selection is common to both
the 1GB and SB procedures. However, contrary to SB which
assigns the democratic unit weight to each trajectory, the
1GB weight, within the harmonic treatment of HOD
vibrational motions, is given by
p1GBn1n2n3 ða1; a2; a3Þ ¼ exp
0
BBB@
2
6664
P3
i¼1 uiðai  niÞ
3
P3
i¼1 ui
3
7775
21
CCCA (4)
[24,25,28e31]. The sum
P3
i¼1uiðai  niÞ is proportional to
the difference between the harmonic classical and quan-
tum vibrational energies. When anharmonicities are not
negligible, the previous difference can be replaced by the
one between the exact classical and quantum vibrational
energies [30,31]. This is just the case for HOD, and we shall
thus use for states (1,0,0), (1,0,1) and (2,0,0) the experi-
mental eigenvalues 2723.66, 4100.05 and 5363.59 cm1
above the ZPE of HOD, respectively [32]. Note that the set of
trajectories used in the anharmonic case is still the one for
which (a1, a2, a3) belongs to the unit cube centered at (n1,
n2, n3). pn1n2n3 is obtained by summing the 1GB weights
over the previous paths and normalizing to unity the set
of available populations. The full width at half maximum
of the Gaussian in Eq. (4) ðin terms of the energy
difference
P3
i¼1uiðai  niÞÞ is proportional to 3. In principle,
strictly applying Bohr's quantization would thus require
taking 3as close to 0 as possible [24,29], so the trajectories
contributing to pn1n2n3 would be those leading to classical
vibrational energies nearly equal to the quantum energy of
state (n1, n2, n3). In the following, we identify these paths as
those for which p1GBn1n2n3 ða1; a2; a3Þ is larger than 0.5 (see Eq.
(4)) and call them 1GB paths. Their number, among the 722
paths complying with constraints (ieiii), is represented in
Fig. 2 as a function of 3 (blue curve). At 3¼ 0.041, the
number of 1GB trajectories is equal to 100, which can be
roughly considered as the minimum statistical ensemble
Fig. 2. Variation in terms of 3of the number of 1GB trajectories effectively
contributing to the 1GB populations. These paths have been identiﬁed as
those for which the 1GB statistical weight is larger than 0.5 (see Eq. (4)). The
blue and green curves correspond to the OHþCD4 and OHþCH4 reactions,
respectively. The magenta dotted line shows that the values of 3for which
100 paths contribute to the previous processes are slightly larger than 0.04
and 0.05, respectively (their exact values are 0.041 and 0.053).
L. Bonnet et al. / C. R. Chimie 19 (2016) 571e578574for a reasonable estimation of the three 1GB populations.
The latter are represented in terms of 3in Fig. 3. The vertical
red dashed line is deﬁned by 3¼ 0.041. On the right side of
this line, we note that the populations vary almost linearly
with 3. On the left side, the smaller 3, the smaller the sta-
tistics and the more irregular the variations of the pop-
ulations. Since the experimental populations are assumed
to be the best described by the 1GB populations corre-
sponding to 3¼ 0, and the only satisfying 1GB populations
are for 3  0.041, we deduce the former by linearly
extrapolating the latter from 3 ¼ 0.041 down to 0.
Approximating the 1GB populations by straight lines
passing through the points of the curves corresponding to
3¼ 0.041 and 0.1 (see Fig. 3), we arrive at p100 ¼ 23,
p101 ¼12 and p200 ¼ 65% (rounded to their nearest integer),
to be compared with the experimental ones, i.e. p100 ¼ 19,Fig. 3. 1GB vibrational state populations (in percentage) of the product
HOD of the OHþCD4 reaction in terms of 3. The vertical red dashed line
corresponds to the value of 3(0.041) such that 100 trajectories effectively
contribute to the populations.p101 ¼ 11 and p200 ¼ 70% [12,33]. Note that at 3¼ 0.1, the
number of 1GB trajectories is equal to 218.
Constraints (i) and (ii) deﬁne an energy-based win-
dowing, which is related somehow to SB and 1GB
[24,28e31]. The main difference is that the former proce-
dure takes into account paths for which the nearest in-
tegers of the vibrational actions of CD3 are non 0, contrary
to the latter. This is probably a bit less physical, but
signiﬁcantly increases the number of trajectories contrib-
uting to the populations, in addition to avoiding the
determination of the six vibrational actions of CD3.
In order to improve the statistics, we also made calcu-
lations with the maximum value of ErotCD3 kept at 2 kcal/mol
(instead of 1 kcal/mol), but this affected the accuracy of the
vibrational state populations. Moreover, this artiﬁcial shift,
whenever used, should be as small as possible, since it al-
lows for more energy channeled into the rotational motion
of CD3, at the expense of its translation motion. This is
expected to shift the speed distribution towards small
velocities.2.3. Pair-correlated speed distribution
The contribution of state (n1, n2, n3) to the PCSD P(v) is
denoted as Pn1n2n3 ðvÞ. This quantity will be normalized to
unity. From the previous developments, we have
PðvÞ ¼ p100P100ðvÞ þ p101P101ðvÞ þ p200P200ðvÞ: (5)
We nowconcentrate on the calculation of P100(v), P101(v)
and P200(v). We use the same constraints on the rovibra-
tional energy of CD3 as previously used. Like pn1n2n3 ,
Pn1n2n3 ðvÞ should better be calculated in a quantum spirit. In
order to illustrate this, we ﬁrst focus on the most probable
state (2,0,0) and calculate P200(v) in the standard following
way ignoring any quantization: we apply the SB procedure,
i.e. we focus on trajectories for which (a1, a2, a3) belongs to
the unit cube centered at (2,0,0). We then divide in 80 equal
intervals the range [0.5, 2.5] comprising the velocities
measured in km/s [12] and count the number of trajectories
per interval (the resulting curve is made of points separated
by 0.025 km/s, thus leading to a satisfying resolution). The
resulting SB distribution, normalized to unity, is repre-
sented by the blue curve in Fig. 4, to be compared with the
magenta experimental curve [12]. The SB curve appears to
be much broader than the magenta curve. We thus calcu-
late P200(v) by means of the 1GB procedure, following the
same route as above, with the difference that trajectories
are now assigned 1GB weights with 3¼ 0.041 (see Eq. (4))
instead of unit weights. The resulting distribution is given
by the green curve in Fig. 4. The agreement with the
experiment appears to be much more satisfying than for
the SB procedure. Moreover, we repeat this calculationwith
3¼ 0.022 (not shown) and observe that despite more ir-
regularities in P200(v) due to worse statistics, its width is
nearly unchanged. The distribution at 3¼ 0.041 is thus
expected to be close to its extrapolation at 3¼ 0. The
analogous distributions for the states (1,0,1) and (1,0,0) are
displayed in Figs. 5 and 6. As a matter of fact, the 1GB
distributions are slightly shifted towards the large veloc-
ities, revealing some inaccuracies in the theoretical
Fig. 4. Contribution of the state (2,0,0) to the pair-correlated speed
distribution for the OHþCD4 reaction. Blue curve: P200(v) obtained from
QCTM calculations and the SB procedure. Green curve: same as previously
obtained with the 1GB procedure. Magenta curve: corresponding
experimental distribution of Zhang et al. (see Fig. 2a in Ref. [12]).
Fig. 6. Same as Fig. 4 for (1,0,0).
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responding 1GB vibrational state populations, are repre-
sented in Fig. 7 by the blue, green and orange curves for the
(2,0,0), (1,0,1) and (1,0,0) states, respectively. Summing
them up leads to P(v) (see Eq. (5)).
At this point, a comment on the experimental mea-
surement of P(v) is in order. In a hypothetical experiment
where both reagents would be in the rovibrational ground
state and the collision energy would be perfectly
controlled, the total energy available to the products would
take the same value for the whole set of reactions detected.
Since Etrans is equal to the previous energy minus the
quantized internal energy of the products, Etrans would also
be quantized. Consequently, P(v) would be given by a set of
Dirac peaks with given weights. In our calculations, how-
ever, we pseudo-quantize the vibrationmotion through the
1GB procedure, but not the rotation motion. P(v) is thus a
rough approximation of what would be observed if the
measurement of the ﬁnal velocities were introducing aFig. 5. Same as Fig. 4 for (1,0,1).blurring of the peaks slightly exceeding the average rota-
tional spacing between them. In real experiments, how-
ever, the blurring is much larger, for the collision energy
and the reagent rotational states are not fully controlled
and VMI itself signiﬁcantly contributes to the blurring. We
thus take this into account in the calculation of the PCSD
through the Gaussian convolutionFig. 7. Pair-correlated speed distributions for the OHþCD4 reaction. Blue,
green and orange curves: weighted 1GB distributions p200P200(v), p101P101(v)
and p100P100(v), respectively. Red curve: full 1GB distribution obtained from
a convolution of the sum of the previous quantities (see Eq. (6)). Magenta
curve: experimental distribution of Zhang et al. (see Fig. 2a in Ref. [12]).
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p
h
exp
"


v0  v
h
2#
Pðv0Þ: (6)
The value of h is chosen so as to reproduce as satisfy-
ingly as possible the experimental speed distribution at the
threshold and cut-off. With h kept at 0.08, one obtains the
red curve in Fig. 7, to be compared with the experimental
one (magenta curve), extracted from Fig. 2a of Ref. [12]. The
convolution is welcome, as a million trajectories is not
enough to get a smooth P(v). Without blurring, good
agreement between experiment and theorywould likely be
beyond reach. Compared with the previous predictions,
displayed in the lower left panel in Fig. 2 of Ref. [25], the
PCSD is clearly improved. In particular, when summing up
the three bells in the previous ﬁgure, only two bumps are
found, instead of the three bumps observed both in the
experimental and present theoretical results.
As far as the OHþCH4 reaction is concerned, ﬁve states
of H2 O are found to be available (at a collision energy of
10.2 kcal/mol, to be more precise [14]). These states are
(0,0,1), (0,1,0), (1,0,0), (0,1,1) and (1,0,1), by increasing the
order of energy. We checked that the harmonic normal
mode description of water vibrations is very satisfying for
the energies of the previous states. For the PES-2014, the
vibrational frequencies of the OH stretching, OH* stretching
and HOH bending are u1 ¼ 3806, u2 ¼ 3762 and
u3 ¼ 1651 cm1, respectively. Moreover, the ZPE of CH3 is
18.8 kcal/mol, and the lowest umbrella frequency is
510 cm1 or 1.5 kcal/mol. The same type of calculation as
before has been performed. Over 106 trajectories run on the
PES-2014 [19,25], 123567 are found to be reactive, and 1013
comply with the three constraints imposed by VMI. The
dependence of the 1GB populations on 3 is displayed in
Fig. 8. The region of statistical conﬁdence roughly lies on
the right side of the red dashed line, deﬁned by 3¼ 0.053.
By linearly extrapolating the 1GB populations from
3¼ 0.053 down to 0, we arrive at p001 ¼ 6, p010 ¼ 53,
p100 ¼ 19, p011 ¼10 and p101 ¼12%. The speed distributions
P001(v), P010(v), P100(v), P011(v) and P101(v) weighted by theFig. 8. 1GB vibrational state populations (in percentage) of the product H2O
of the OHþCH4 reaction in terms of 3. The vertical red dashed line
corresponds to the value of 3(0.053) such that 100 trajectories effectively
contribute to the populations.previous populations are represented in Fig. 9. With h kept
at 0.09, Gaussian convolution of the sum of these densities
leads to the PCSD represented by the red curve in Fig. 9, to
be compared with the experimental magenta curve
extracted from Fig. 2a of Ref. [14]. Note that states (1,0,1)
and (0,1,1) have similar energies, so the speed distributions
associated with these states overlap (see the blue curves in
Fig. 9). This comment holds for states (1,0,0) and (0,1,0) (see
the green curves in Fig. 9). This is the reason why the
vibrational populations deduced from the speed distribu-
tions were previously denoted p011 for states (1,0,1) and
(0,1,1), p010 for states (1,0,0) and (0,1,0) and p001 [25]. From
the present calculations, p011 ¼ 22, p010 ¼ 72 and p001 ¼ 6
(see above), to be compared with the experimental pop-
ulations, i.e. p011 ¼ 19, p010 ¼ 75 and p001 ¼ 6 [14]. Like
previously observed, the PCSD is clearly improved as
compared with its previous estimation, displayed in the
upper left panel in Fig. 2 of Ref. [25]. In particular, when
summing up the three bells in the previous ﬁgure, a single
bell is found, instead of the three bumps observed both in
the experimental and present theoretical results.
Last but not least, we wish to emphasize that standard
QCT-SB calculations do not even allow us to reveal the
structures seen in the experimental PCSDs, as can be seen
in Fig. 10. The QCT-SB distributions are indeed simple bell-
shape curves broader than the experimental distributions.Fig. 9. Pair-correlated speed distributions for the reaction OHþCH4. Solid
blue, dotted blue, solid green, dotted green and orange curves: weighted
1GB distributions p101P101(v), p011P011(v), p100P100(v), p010P010(v) and
p001P001(v), respectively. Red curve: ﬁnal theoretical result obtained from a
convolution of the sum of the previous quantities (see Eq. (6)). Magenta
curve: experimental distribution of Zhang et al. (see Fig. 2a in Ref. [14]).
Fig. 10. Comparison between the experimental pair-correlated speed
distributions and those obtained by means of the QCTM within the standard
binning procedure for the two reactions of interest.
L. Bonnet et al. / C. R. Chimie 19 (2016) 571e578 577In comparison, QCT-1GB distributions are much more
realistic (see Figs. 7 and 9).
2.4. High numerical cost of the pair-correlated angular
distribution
Following Ref. [19], we estimate the PCAD by limiting
the restrictions imposed by VMI to the second constraint in
Section 2.2 and using the 1GB procedure with 3¼ 0.041.
This distribution is called Pa(q). For the OHþCD4 reaction,
the number of 1GB trajectories is then equal to 4417. Pa(q) is
found to nearly reproduce the previous prediction repre-
sented by the solid black curve in Fig. 7 of Ref. [19]. This
distribution turns out to be in qualitative agreement with
the experimental PCAD of Zhang et al. represented by the
dashed black curve in the same ﬁgure (see also Fig. 3a in
Ref. [12]). The main difference is that the former involves a
forward contribution not seen in the latter. One may thus
wonder whether calculating the PCAD in a way consistent
with the estimation of the PCSD might make this forward
contribution disappear. Moreover, it is logical to use the
same approach for estimating different observations
measured under the same conditions. This calculation
would require adding constraints (i) and (iii) (see Section
2.2) to the method leading to Pa(q) and deduce the PCAD at
3¼ 0, called Pb(q), from its values at 3¼ 0.1 and 0.041 by
linear extrapolation. However, the PCAD is determined by
means of 218 and 100 trajectories at 3¼ 0.1 and 0.041,
respectively. Now, these numbers are too small for the
PCAD to be reliable, especially in the neighborhood of thepoles, as is clearly shown in the study by Truhlar and Blais
[34]. In particular, it is shown in Figs. 7 and 8 of the previous
work that at least one or two thousand trajectories are
necessary to get signiﬁcant results around the poles. The
accurate calculation of Pb(q) for the title processes would
thus imply running at least 10 million trajectories.
3. Conclusion
The development of the velocity map imaging (VMI)
technique [1] over the last twenty years [2] has made
possible the study of polyatomic reactions at an unprece-
dent level of details through the measurement of pair-
correlated speed distributions. For the title processes, for
instance, one may extract from the previous observations
accurate data on the subtle way H2O/HOD vibrates and
rotates for a given quantum state (or set of closely spaced
quantum states) of CH3/CD3 [12e14]. If one is able to
accurately reproduce these data by an adequate theoretical
treatment of nuclear motions on a high-quality ab-initio
potential energy surface, one may then use this treatment
to get a deep understanding of the dynamics of the pro-
cesses under scrutiny and improve the synergy between
experiment and theory. We have conﬁrmed in this work
that the QCT method can be such an approach provided
that Bohr's quantization of product vibration motions is
taken into account in the ﬁnal analysis of trajectory results
[24,25,28e30]. This is an encouraging result considering (a)
the scarcity of theoretical predictions on pair-correlated
speed distributions, and (b) the computational challenges
of quantum scattering calculations for processes involving
large systems. Moreover, we have conﬁrmed that the PES-
2014 correctly describes the dynamics of the title pro-
cesses. We plan to apply this QCT method in a quantum
spirit to several polyatomic bimolecular reactions and
photodissociations for which pair-correlated speed distri-
butions have never been theoretically reproduced. It should
be noted that pair-correlated angular distributions can also
be predicted by this method, though the number of tra-
jectories required should be much larger than for the pre-
vious distributions.
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